Aflatoxins, the most potent carcinogenic mycotoxins, are mainly produced by Aspergillus flavus and Aspergillus parasiticus. Different strategies have been used to control aflatoxin-producing fungi in field and storage conditions. In this study, a field isolate of Bacillus subtilis examined for its ability to inhibit the growth, spore germination and aflatoxin production by A. parasiticus NRRL 2999. Aflatoxin degradation and cell wall adsorption were also tested. Aflatoxins B 1 and G 1 , the most potent carcinogens, were measured qualitatively by HPLC. According to the results, B. subtilis culture filtrate suppressed fungal growth and spore germination by 0-100% and 0-38% at different concentrations, respectively. The bacterium inhibited aflatoxins B 1 and G 1 more than 90% in 750 µl concentration. In addition to the aflatoxin production inhibition, the bacterial cells degraded the aflatoxins B 1 and G 1 in liquid medium up to 60% but there was no aflatoxin which could be adsorbed by the cell wall of the bacterium. The inhibitory potentials of this isolate could be extended to direct use of this strain in the market or as a biological control agent in the field to prolong the shelf life of commodities.
Aflatoxins (AFs) are a group of highly toxic and carcinogenic mycotoxins which contaminate food, in general and agricultural products, in particular. There are approximately 18 structurally similar aromatic compounds referred to as (AFs). AFB 1 is the most toxic one which is followed by AFG 1 , AFB 2, and AFG 2 . These toxins are mainly produced by fungi of the Aspergillus section Flavi, particularly A. flavus and A. parasiticus. While the former is more prevalent in the nature, each known strain of the latter has the capability of producing all four major kinds of AFs 1, 2 . Aflatoxigenic fungi can produce toxins on agricultural commodities in the field or even after the harvest. To control these fungi, different strategies have been proposed which can inactivate or degrade AFs 3 . Biological control with the use of antagonistic microorganisms, is one of the most effective and sustainable post-harvest strategies to control the pathogenic fungi 4 . A wide range of microorganisms are used for this propose of which biologically-active bacteria, especially those belonging to the genus Bacillus are well known for their antagonistic properties against different pathogenic fungi.
Bacillus subtilis is one of the bacterial strains which its use as a biocontrol agent is well documented [5] [6] [7] [8] . It has been found that this species secretes different antifungal substances into the culture medium. These substances generally belong to lipopeptide compounds which are mainly classified as surfactin, iturin and fengycin families. These lipopeptides are synthesized by nonribosomal peptide synthetases (NRPS) or hybrid polyketide synthases/NRPS in bacterial cells. Bacillus spp. could also produce extracellular enzymes capable of degrading chitin or cell walls of fungal mycelium like exo-chitinase, endochitinase, and β-1, 3-glucanase 6, 9, 10 .
In the field of detoxification, some researches have proven the toxin degradation capability of B. subtilis strains 3, 11 . However, there are a few published documents about other mechanisms of aflatoxin suppression by Bacillus genus. For aflatoxin degradation, the strains could produce some enzymes which would break the aromatic structure of the aflatoxins. Dehydrogenase, hydrolase and laccase are the main toxin degrading enzymes of Bacillus spp. which can break or cleave the lactone ring of AFs 12 .
In this study, a strain of B. subtilis which had been isolated from soil of pistachio orchards was grown in different culture conditions including different incubation times, temperatures and culture media. The effect of the bacteria supernatant which were harvested from these different conditions was studied on fungal growth and aflatoxin-production ability of A. parasiticus. Moreover, the ability of both the cells and the cell-free supernatant (CFS) of the bacterium to inhibit the spore germination was investigated. Beside the aflatoxin production inhibition, other mechanisms of aflatoxin suppression by the bacterium, including toxin degradation and cell wall adsorption were also tested.
MATERIALS AND METHODS

Microorganisms
Bacillus subtilis isolated from soil of pistachio orchard which was shown to have antifungal properties in the preliminary experiments was chosen for this study. The freeze-dried strain was cultured on BHI (Brain heart Infusion broth) medium for 24 h in 30 ºC. A. parasiticus NRRL 2999 spores were prepared by adding sterile distilled water contained 0.1% Tween 80 to the fungal culture on Sabouraud Dextrose Agar (E. Merck, Germany) slants. The number of conidia was adjusted using Neubauer chamber.
Effect of different doses of CFS on A. parasiticus Growth
A loop-full of the overnight culture was inoculated in 100 ml flasks containing TSB (Tryptic Soy Broth). After 3 days of incubation at 30 °C, the culture broth was centrifuged at 14,000 × g for 5 min. and the supernatant of each flask was separated, and then sterilized with 0.2 µm PTFE filter membrane. Different two-fold concentrations of CFS including 3000, 1500, 750, 375 ad 178 µl were added to the 6 well microplates (Orange Scientific, Belgium) containing Glucose Yeast extract Broth (GYB) as the medium and 50 µl of fungal spore suspension (10 7 spores/ml) was added to each well. CFS-free wells were used as control. The micro-plates were incubated at 28 ºC for four days in static conditions. To evaluate the growth inhibitory ability of B. subtilis, the mycelial biomass of each well was separated from the culture media by the cheese cloth and was placed in an oven at 80 ºC until reaching to a constant weight. The dried samples were weighed by a precise balance (accuracy= 0.0001 g). The remaining culture media of each well were gathered for extraction and aflatoxin analysis. The fungal growth inhibitory percentage of each well (i.e. each dose) of CFS was calculated by Equation 1:
Inhibitory percentage of each dose of supernatant = [(Net dry weight of ctrl sample -Net dry weight of mycelia of treatment samples)/ Net dry weight of mycelia in control well] × 100
Effect of different incubation conditions on antagonistic ability of harvested CFS
To investigate the effect of culture parameters on antagonistic ability of B. subtilis, a loop-full of the overnight culture was inoculated in 100 ml flasks containing two different media, namely TSB and LB (Luria Bertani broth). The flasks were incubated in a shaker incubator (150 rpm) at different temperatures of 25, 30, 37 ºC for different incubation periods of 24, 48, 72, 96 and 120 h. Three flasks (three replicates) were used for each treatment. After the incubation period, the culture broth was centrifuged at 14,000 × g for 5 minutes and the supernatant of each flask was separated, sterilized with 0.2 µm PTFE filter membrane and added to the 6 well plates as mentioned above. The growth inhibition percentage of the fungus was measured, according to Equation 1 mentioned above.
Spore germination assay
The effect of bacterial cells on spore germination of A. parasiticus was tested in GYB. Cells were harvested from 24 h culture medium by the centrifugation and the pellets were suspended in distilled water to reach the concentration of 10 7 , 10 8 and 10 9 cfu/ml. Two hundreds microliter of the bacterial suspension and 200 µl of the fungus suspension with the concentration of 10 7 spores/ ml were added to 6 ml of GYB. The effect of supernatant of the bacterium in different doses was tested on spore germination of A. parasiticus. Three days cultured bacterium was centrifuged (14,000g for 5 min) to harvest the CFS. Different volumes of CFS including 250, 500, 750 and 1000 µl were added to the GYB medium flasks containing 200 µl of the fungal spore suspension (concentration of 10 7 spores/ml). The final volume of each flask reached to 6 ml. The flasks were placed in shaker incubator at the speed of 130 rpm. The spore germination percentage of each sample was measured in different intervals by observing the germination of 100 spores under the optical microscope.
Aflatoxin production inhibition
The co-culture broth medium of each well from the 6 well plates experiment was analyzed for aflatoxin detection. The toxin content was measured qualitatively by HPLC. Briefly, after four days of incubation, the medium of each well was separated and filtered by 0.2 µm filter membrane to prepare for aflatoxin extraction. To extract aflatoxins from sterilized samples, 1 ml chloroform was added to 1 ml of sample. This process was repeated three times. The chloroform phase was then allowed to evaporate gently. The samples were subsequently dissolved in 1 ml of methanol (LiChroSolv, Merck) and were then ready to be analyzed for Aflatoxin. Aflatoxin content was quantified using HPLC, according to Razzaghi-Abyaneh et al. (2007) 7 . Ten microliters of each sample in addition to AFB 1 and AFG 1 standards (each, 1000ppm concentration) were injected at a flow rate of 1 ml/min. The mobile phase was acetonitrile: methanol: water (25:15:65, v/v/v). AFB 1 was derived by a photochemical reactor (Waters, Milford, MA, USA) and measured by a fluorescence detector. The excitation and detection wavelengths were set at 350 and 450 nm, respectively.
Aflatoxin degradation or either cell wall adsorption in liquid medium
In addition to AF production inhibition, its reduction in liquid culture was also studied according to Farzaneh et al. with some modifications. Briefly, the strain was cultured in TSB medium for 24 h at 30 ºC in a shaker incubator. Two hundred microliters of the inoculum suspension with the concentration of 10 5 was added to containers with five ml LB medium which was contaminated with 200 ppb AFB 1 . Sterile LB and LB containing 200 ppb AFB 1 were considered as control samples. The containers were incubated at 30 for 24, 48 and 72 h. Each sample was then centrifuged 10,000 rpm for 10 min. The supernatant was extracted for aflatoxin as described above. To confirm the degradation as the aflatoxin reduction mechanism, the bacterial cell walls were analyzed for aflatoxin adsorption. Briefly, the centrifuged cell pellets were washed and then sonicated with saline solution and then they were washed with the solution at 4000 rpm for 10 min. This step was repeated twice. The pellets were then extracted for aflatoxin analysis. The extracted samples were injected to HPLC under the conditions described previously 13 .
Statistical analysis
All experiments were done twice in three replicates. All data were analyzed by one way analysis of variance (ANOVA) and LSD test in the statistical software SPSS v. 18.0 for windows. Differences at P<0.05 were considered as significant.
RESULTS
Effect of different doses of CFS on A. parasiticus growth
As shown in Table 1 , five different concentrations of supernatant were used to examine the growth inhibitory ability of the CFS of B. subtilis. These CFSs were prepared by culturing bacteria in TSB medium at 30°C for 48 hour. The inhibitory activity of each concentration was calculated by equation 1. According to the results, the two first concentrations (i.e. 3000 and 1500 ppm) showed considerable decreases in the fungal growth compared to the control. The third concentration (i.e. 750 ppm), reduced the fungal growth for approximately 50 %. Therefore, this concentration of supernatant can be considered as IC 50 against A. parasiticus and was chosen for the aflatoxin assay. Two lower concentrations (i.e. 375, 187ppm) showed no inhibition activity while caused an increase in the dry weight of fungal mycelium compared to the control. The inhibitory activities. These optimum conditions are presented in Table 3 .
Spore germination assay
The effect of supernatant of the bacterium on spore germination was examined at different percentage is shown in Table 1 . Figure 1 also depicts the effect of the supernatant dose on the growth inhibition of A. parasiticus in a 6 well microplate.
Effect of different incubation conditions on antagonistic ability of harvested CFS
The antagonistic effect of CFS harvested from different incubation conditions were tested but because of too much data, only the result from the first two concentrations of the supernatant (i.e. 3000, 1500 µl) were shown in Table 2 . Among the 30 tested incubation conditions, the CFS harvested from 6 of them showed the highest antifungal incubation intervals from time zero to 11 hours later. Up to 90% of the spores in the control sample were germinated after 11 hours of the incubation. However, this amount decreased dose-dependently for the samples containing supernatant of the bacterium. All treatments showed no spore germination during the first 3 hours. These results are presented in Table 4 . The effect of co-culturing the bacterial cells and A. parasiticus on spore germination of the fungus is shown in Figure 2 . According to these results, all three concentrations of the bacterium in co-cultured medium could efficiently inhibit conidial germination of the fungus during the 11 hours of the test period. However, it should be noted that the results were time and dose dependent. While higher concentrations of the bacterial cells showed more inhibition in all the test intervals, the percentage of the germination increased in all treatments by passing the time.
Aflatoxin production inhibition
As it is shown in Table 3 , the supernatants produced in some culture conditions could suppress the fungal growth more than 99% even in lower concentrations (i.e. 1500 µl). In fact, no fungal growth was observed in the presence of 3000 ad 1500 µl of the supernatant. Hence, there was no fungal mycelium to produce aflatoxin. For this reason, aflatoxin contents of each well were assessed for the third well of the plates with CFS concentration of 750 µl which showed around 50% fungal inhibitory activity. The ability of the bacterial supernatant to suppress AFs production by A. parasiticus was confirmed by HPLC. The amount of AFB 1 , AFG 1 and the suppression percentage of total aflatoxin (AFT) are shown in Table 5 . In all tested conditions, CFS showed more than 90% toxin suppression and this amount reached to more than 98% (98.53±0.058) in condition C.
Aflatoxin degradation or either cell wall adsorption by B. subtilis
To understand the mechanism of aflatoxin reduction by B. subtilis, we analyzed the cell walls of the bacterium to see any adsorption. The cell walls were lysed by sonication ad the solvents were added to the extracted aflatoxin. No aflatoxin was found in the cell walls so the bioadsorption by the cell walls was too low to report. It is concluded that the main mechanism of aflatoxin reduction by B. subtilis is toxin degradation. The results for aflatoxin degradation are shown in Figure 3 . The percentage of degradation increased by the time and reached to 50% after three days of incubation.
DISCUSSION
B. subtilis is a well-known bacterial species with all the required characteristics for a so-called biocontrol agent and in some countries it is used as a commercial biocontrol agent in the fields and orchards. It is also used as a probiotic in human food as well as in animal feed [14] [15] [16] . In the present study, a field isolated strain of B. subtilis was studied for its inhibitory effect against a standard strain of Aspergillus parasiticus which produces all kinds of aflatoxins. The effect of different culture conditions (incubation time, temperature and medium) was studied on the fungal growth, spore germination and aflatoxinproduction ability of A. parasiticus. Beside the aflatoxin production inhibition, other mechanisms of aflatoxin suppression by the bacterium, including toxin degradation and cell wall adsorption were also tested.
Our results on the growth inhibitory activity of B. subtilis CFS showed very high antifungal activity even in low doses of CFS. But sub-lethal doses of CFS induced fungal growth over that that of the control. In fact, low concentrations of the metabolites increased the fungal growth. It has been mentioned in some documents that very low doses of fungicidal compounds could stimulate the growth and also aflatoxin production of the fungi 17, 18 . In this research, CFS doses of lower than 375 µl were considered as the fungal growth stimulator doses.
Among thirty different incubation conditions tested, six of them showed better results which were chosen as the optimum conditions for the antifungal activity of CFS. The Optimal incubation conditions were occurred in 48 and 120 hours of the incubation period at higher temperatures in both TSB and LB media; however, the TSB results were more prominent. No significant difference was observed for temperatures of 30 and 37R" C in any concentration. According to , among the different tested media, LB and TSB have shown better antifungal activities results compared to others media including NB and BHI 19 . Kumar et al. have studied the production of antifungal antibiotics of B. subtilis in different culture conditions. Among the four tested media, the maximum growth and antibiotic production were found in TSB medium at 37R" C 17, 21 . Moita and colleagues have also shown that maximum antifungal activity of CFS could be obtained when the bacteria are cultured at 37 ºC and pH 8 7 . In fact, higher temperatures, here 37 ºC, could also accelerate all the reactions, such as the enzymatic reactions and the metabolite productions. These results were completely in accord with our study where B. subtilis strains could produce different antifungal metabolites of different group of compounds, such as surfactins, fengycins and iturins. These components affect the membrane surface tension that leads to formation of pores on the cell wall, causing the leakage of K + and other vital ions and consequently, the cell death 22, 23 . B. subtilis can also produce some cell wall degrading enzymes such as proteases, chitinase, and â-1, 3-glucanase 7, 23 . These enzymes and metabolites are synthesized at different phases of the bacterial growth cycle and the types and amounts of them are greatly influenced by the culturing conditions. For example, surfactins were mainly produced during the logarithmic growth phase while iturins and fengycins were produced during the stationary phase. It has also been reported that some Bacillus antifungal metabolites such as bacillomycin L, are synthesized at conditions where the nutrient depletion is favored 9, 10 .
There are some mechanisms describing biosuppression of aflatoxins by biological control agents. At first, the competition of the bacteria and the fungus in a co-culture medium may lead to the growth inhibition of the fungus and subsequently the aflatoxin production inhibition. Some bioactive compounds produced by biocontrol agents, inhibit AF production by inhibiting the synthesis of the enzymes that are active in AF production pathway. Therefore in these conditions, the fungus cannot convert the precursors to aflatoxin. These compounds are mainly secreted by lactic acid bacteria (LAB) and Streptomyces 15, [24] [25] [26] . Some antagonists like LAB can bind to AF with some components on their cell walls such as oligomannans 15, 27 and 28 and finally, soil bacteria like the bacilli have a capability to degrade aflatoxins to nontoxic substances 3, 29 . In a culture medium, different factors can have an impact on the reduction of aflatoxin contents. These include changes in amount of different components of the media during the fungus growth and the production of different enzymes. Changes in the components of the medium such as nitrogen, during incubation can shift the fungal growth pathway to produce enzymes such as hydrolase and laccase which can degrade the produced aflatoxin by breaking the lactone ring 12 .
We showed that AFs synthesis by A. parasiticus could be suppressed significantly by the CFS of B. subtilis. The highest suppression of AFs production was recorded as 98% which was achieved when the aflatoxin-producing fungus was co-cultured with the CFS harvested from condition C (48h, 37R"C, LB). Also the bacterium degraded both AFB 1 and AFG 1 , time-dependently but no adsorption of the toxins by the bacteria cell wall was evident.
Taken together, the results of this study showed that B. subtilis can be considered as a potent inhibitor of toxigenic A. parasiticus growth and aflatoxin production and the incubation conditions of the bacterium can affect this ability. This potential could be extended to direct use of this strain in the market or in the field to prolong the shelf life of commodities as a biological control agent. As an essential parameter, the safety of the antagonistic bacterium and its metabolites using a food model system is currently evaluated in our laboratory.
